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establishing a1 mathematical relationship formula between
brighiness temperatores at any iwo channels according to 2
microwate radiative ganster equation:

collecting an actua!l brightness temperature of o core channel
antt an actual brighiness tonperature of collahorative chanmnels;

AN

selectiiy paranieters o be retrieved, whetti the parameters
COMPTises ot least @ sl moisture vaihie;

o

@ving a series ot eshmated  valties of paramoters to be
reitievd,  calealating a2 seres  of  predicted  bmaghtigss
temperatares of the coblaboative channels according 1o the
asual  bughtness temperaluve of the core channel, the
micrewave radiative banster equabon and the mathematical
relationship  formwls, companipg the predwied  bnghiness
temperatares of the collaborative channels with the acipal
tn1ghiness teraperainre, and determining the soil maistyre valoe
amwony the senes of estimated values ol paraineters to be
refricved accordmg 10 8 compurisen result; or giving imbal
values of paramoiors to he retrieved, performing derative
caloulatton to oblain a  sorics of prodicied  bhnghtness
temperataves of ihe collaboralive channels according w the
actual bnghtness fempereture of the core channel, the
mcrivwave radiative franster equation and the mathensalical
relationship  formula.  companng  the predwcted  bnghtness
temperatares of the collabomative channels with the acipal
brightness temperature, and detsrmining the so1l motsture value
according o the companson resalt,
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establishing a mathematical relationship formula between
brightness temperatures at any two channels according to a
microwave i‘&dmtwe ‘tmﬂs?ef ﬁquan{m

collecting an actual brnighiness temperature of a core channel
and an actual brighiness temperature of collaborative channels;

selecting parameters to be retrieved, wherein the parameters
comprises at least a soil moisture value;

oiving a series of estimated values of parameters to be
retricved, calculating a  sertes  of predicted  brightness
temperatures of the collaborative channels accor dz_ng_ to the
actual brightness temperature ol the core channel, the
microwave radiative transter equation and the mathematical
relationship  formula, comparing the predicted brightness

temperatures of the collaborative channels with ‘ihé actual
brightness temperature, and deternyming the soil mosture value

among the series of estimafed va alues of parameters to be
retrieved according fo a comparison vesult; or giving mhal
values of parameters to be retneved, performing teralive

caiculabion to obfain a senes of predicted Dbrightness
temperatures of the collaborafive f:hannzsl S aamrdmﬂ to the
actual brighiness temperature of the core ﬁhaméf:i the
microwave radiative transfer equation and the mathematical
relattonship  formula, comparing  the predicted brightness
temperatures of the collaborative channels with the actual

brightness temperature, and determining the soil moisture value
ag,g.,m_‘dmg to the comparison esult

Fig.1



U
S

11

, 59

B

2

S

h
C

et ,

of

6

F
eb
L
02

?

U
.S
. P

atent

=

S
o w
-
mwﬁwﬁﬁm

. .r.wum.w
18
& |

ol

13
. .
1t 178
wﬁwu
193
pi
£

P
LS
n
e
et
wq
3

3

.
.
5

L]
.
1
1
.4
1
1
.4
1
.
.4

1

1

.4

1

1

.

1

1

.4

1

1

.4

1

.4

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

.4

1

1

-
-
-
-
-
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

...._

51
2
e
Ho
S
A

. ..mw

1040

-

At
v

5
38
-
¥ MM
118
S
.,m.m
13
in

13

i
a5

B

oy
73
...mﬁ

1I
—..-.
P
W
—..-.
P
o
i
P

W

—..-.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

—.I

.—..—.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

o

.r.-.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

W

—..-.

P

W

.

B
_m."w_ _“_._.m,.
- [ ] .I. -.I . ..-.
Tm - \ - .lli.“ ...
u...n:.“ .... .___M.....
...,... ....1..._.
ll.h -.‘ll . -, Wt
H“..mm-.“l..l”n ..-.... { h‘
. o7
”.. .n.n H”...ﬂ...u..q.._t-t._ii
o o .._..._. .n..
”n.l - .l-.- J. .......
-lll..l.l I.I. .-.Jl.....
T ....w,
’.r .-.QNVI . .... &
- .-. ”1J.J.
._h. A . .l. .l.__ 1.I.l.'..
" . .L \.u._....
- I“11...'“r. Wt .-..Hh_.-.f
e _..._ 435
...,...“. ...... wmw..w

- W . - Lt
- -.l. ... .
.m._.. - o
r ' - I ”
..-. a .

._ﬂ,..__
.....".m
1 lh-.i
...-“n..__.. :
m.
A
"..._..__
'hl
..t"'.
o
."....”._.,m,.
& ..r.
AT
e s
u.__.. -
t..‘_“."b.#...

Lt
"
3

'l_
’-
-
e

E
F
L]
F
F
F
F
L]
F
F
F
L]
F
F
F
F
L]
F
F
F
L]
r
F
F
F
L]
F
F
F
L]
F
F
F
F
L]
F
F
F
L]
F
F
F
F
L]
F
F
F
L]
F
F
F
F
L]
F
F
F
L]
F
F
F
F
L]
F
—. .
'

.
i

{355

mu )

Iy

-
.
-
3
Fs
3

s

.

-

3

Fs

3

-

.

-

3

Fs

3

-

.

-

-

Fs

3

-

.

-

3

Fs

3

-

.

-

3

Fs

3

-

.

-

3

Fs

3

111
8
3!
[ ] FJ-MH
iy
150
55 ”
3
“...w.w
o
& .imH
..MH
Ty
133
[ ] m.
: .m.”..
e
mm““.”w ..... o
B w.....,..w...
3 .r ¥
_w.wuuu
..”...n. w... ,,,,,, 5
B ...“..... . ...
.www_..w.. .
- c s = ...wm s mu_ﬁm_ww-
......_. L ”“._"m._.......h,,
”.m..__uﬂ- .......“....v. ..
.mu.. m,m..wﬁ...n\ .".,.,"....Mu..“.m....w ,,,,,, :
sy o N M.,.m.....mww..“,. ...... w,.w.z m.
L . o -
..u...... .. ........ . .m .“.....?,.,. oy
..“..". .._.u_m”..m-,w... .,... .w.m.m.m,, 5
ot aa .....ﬂ....v...u..... ....... -......“. .... ...
2 ..m.ﬂ..m_,....“....&.,... m.x.“.” o
: M.,., s ...r.. .w....w m g Mm.,,, .
m._ . - m....,,. ...“. ....... :
._.., - sum ?...”.n. ..
.H....w... .mmﬁ..qh.m.ﬂw
i - mw._..w.. L
-.ﬂ.._ = ...w..:...... .-
sy w..g&w %
| ..m.”....”...“......_.u..m._“. ”...,“
... - = ﬂ = " =
w.mwww
v ._...- - -
n..ﬁ-.. 2t __..“_1. - -
3 ..

2
2 ﬂ
o
w. mwwb

.._.._-\M. .l.
mm..m.

g

1t

0
5t

E.INM

<

3

3

wmwmm

&

- IW-M

’ b,

D

)

~

o
_-.Mw
f.ww

o -

m@
X
i1
£
ﬁuﬂw

3

1y

ﬂ

u”..
.- .-1.
N ..1.
1‘... ..- .I..1.
- Lt -.b. .__. o
2 }l.h .I..q.
.-. ...... .-.!._.._.i....
- & .!_...1.
L a oy i..q.
- ot __I 1.1..1.
i .-.} ..... - 1.1.-..1.
1- ....... .'.._..-..l.._ ..... }l_l.:-. . .
... ....... .-.f ..... 3 .__..l..1.
...... ....... .'.-..-..l.l ..... ..-.nf ..1.
.-- ....... .._.l ..... 1._1.._ ......
"......-.{ ....... ...I.a..l ..... I+ ........
h ..... -.l}l ...... .-.l oy .
o 1.-.__..._. ...... ....-.-.11 ...............
. ..... —_l.l..-_ ...... i.l. b..f ...............
.-. ..... ..._l.i..l.l ...... r's .
_.... ..- ..... _.._...._.l ...... ._l.._ 11
1.......-.. ..... ..__I.l.:. ...... 1+ ........
['] . ...- Ii.l ..... :.-.fq_- 111
. .-.r... ..... ....-_.._.:._ 1111
-. ..... a Ii.h ..... —_l..b..r 111
fr ™ .l.l ..... ...-.nln 11 1'&.}...1.
|i ....... a l.l ..... .ill 11 1.l..—. ..1.
- l.:. ..... .__.l_nl.r ...... —i. 111 l_.rltf ..1.
B .:.- ..... ll.I.i 11 —.lltl-..1.
q-. ....... .'.._..-.l.._.__.. .. ....r.._.:._ 111 h._...-.._.._..q.
l.. ....... ll_.-.__ ! .. n.......-. 11 ...-.I.____..:
1‘.. ....... a l.l.l.... .....-.nln 11 .-.‘.l. ..... I..:.I-..—_l...1.
.- ........ _.l .._..._ ot ....rl.__ .. -......_._ ..... .-_.-..H.__.._...q.
i .-..-. ..... .ll. l.-..... ..—i. 11 -_.__.i.lhl ..... -_.ll.____...1.
.- ..... 1.-._. ....._..._!.._..- 1 . .-.__....__ ..... ..1.:._..1.
o 1.- i Ir.._.:._ 11 -..r.._.-.._.... ..... . .-_. ._..1 .....
|1... ....... [ l}‘. ..... —.I .-.l. r 14 ...... l_lla ..... l..-..—. .......
-. ....... .- ._..-. ..... popt 11.... ...... -_.r.._-_.—_......f ............
... ...l ....... L L] e Ia.l .. -I.l}. ...... .II_.-.l.I..q. ............
.- ..... . g .l-_i..rl. ..... . .rl.__..:. ...... -_.li '
= _-.-.._. ....... .—_l.i o ..__l. o ll L
1.-. ...... i...-..- ...... }rlhl -- o .ihl. ...... X ..i ................
|- ...... Tl.??l. ..... - .'.l..-. ...... i —...l.l}__. ...... -_.-..—. ........
....... .-:.._.l. ..1... Y l......-........... 1....{1._1_1{1 ...1 -
|i ....... l.i.l ...... *a.l ... 1-_1._-. ...... .-.I.:.l.l 1111
-.... l.r ...... .r-_l..rl. ...... . x .l}l. ...... 1!1. .
b .:.I.... ...... _l.'li 111 - [ e .ll l 11 i
|-. ....... .!l.l?.'.. ..... .rll.l 11 ) » s .-.... 11 -.Ili. .....
_.... ....... .:.l.... ...... +...-.l..-. ........ l-... LT n .l}__. ...... 1.-. . I.__..ﬁ .....
1-.. o8 .-.I.ll.l..__ ...... in . l... LT ._1 r e = l...:..—._l .....
-.. e ..I... ...... .r._..._ .... -_.-......__._..... .. !—..._..... .......... - -i..._._. ._..1.
e o rri..rl..._ ...... o .:.I.-Ll ! .. ¥ . e . ..ll..—. ..1.
|' ..... .l}—.. ...... l.-..ai. 1111 » .|} .. .. .ll l .......... L .i ..... I.a..li..1.
'.. ...... 11. ll..- ...... .-_ll . .:.l __..J. Ut ...-_... ........... i .a.ll ..... l.1.a.l.f ..1.
|i ...... k }.l. ...... [ .-.l.._ ....... gahe .il .l-... ..1!..—... ........... e 1... 1l} ..... -_.__l.- ..1.
'S ...... .-_:.j..rl..- ...... » . ll. ...... W o o e r » o .—_..:.ri..:
LT . L B 1 .{.l. ...... .a.l 1111 W -.i.l... ..... —.-_‘_ll.l ........ L g -..-l. e . l.r.} .....

.-.. ot -1-.1 ...... - .-..r-.-. ----- ._..__..-_... ..... —_.._.1.1.__.... ........ G e .__.l._. ..... -..__..-. .......

o l.-..al.. ...... .l.-..ai.- 1111 - S ll i S -..a. ...... ] }i ...............

1‘.. ...... -..al... ...... -_lI.I. -- i - .a.l. ..... [ ..l .......... s --.a.l.—.. ...... .-..1...'.# ...............

- ....... .—_-.;.nh. ..... - ..-..-.- 111 __.._ ...... .-..._ e —_l.._. ........... gasn 1l...__. ...... _..__... .
....... I.....ll...q... i.-..-. - l. ..-...... .... --l.-.lh1—. :.li..1 ..........‘—.
. o ?.I.l. ...... I_II 111 1;1}.4 ...... » l.l.l ... i 1l...4 ..... l.r.} ..............

ll.l ...... .!:.l..fl. 1111 I.I ll.... ...... l.‘ l.-. ...... i 1l.{l.—.. ...... 1.-..-. ............. r.

.-_.—. ...... .l.-..ai.- 1111 lf..l.. ...... ll S -..l. ...... 1I..}' 111 r.

-..a.l l.:.l ...... -i.l .I. --- . -.I. ...... -.. ..l .... .-i_si ...... 1.1...].'1 11 1 1. 1lr.

+1If S .—_...-.‘.I ....... IJ ...... .II...I.. ..... —.lh rrr .-..L.'..-. ...... 1ll..—.. ................ L1.1l1. r.

-_.-.-.lll ...... .inll .... -_nl ...... *. ll.-.. --- —_.ll..-.. ...... —_..:.ll. 11 1.1!111.r.

—...I.l ...... .-_.Il 111 l—..li Ia ...... -_‘.l.l -.. 111 1.!4; [ B . ll.} 111 1l l.li..qq. r.

.-..__.I..TII 1111 lll--. ...... I.l.l.__..- 11 _-.:.In. ...... —_!l. ............... [ 1|-_}.1._1.I1. __.
l.-..-i.- 1111 l—.l o 1}.}. 11 o 1!...}‘. 1 [ 1.ljll.rl1. r.
-_.a.i.‘.. 11 oo I.I..-.I ...... -.. ..l .... .:.l ..... 1.1...*.'.1 11 r 1lr 1. 1}.h.1.'.l1. r.

—....-i.l ..... 11.-. ...... h;. .l.._ ...... l.1 ........ —_I l} ..... 1.!}..—.. ....... .1. lq.__ 1.l_.____.I_1.-1. __.
-..l.._ 11111 __..._.....- ...... ™ .._-.. ....... o _..!-.-. ..... _..._..__.-. 11 1.: .-...._ 1.1-1.-.-_.-.1.._.
-_.Il 111 1-.... ..... T‘_l.l-.n ....... o Ia.} ..... .1I.} .............. |1.1|1l lq.__ 1.l.l._.fr.._1.__.
111 l..__.ln-l.l.:..._- . .-...-.. .-.}.-.... —_.-.l.n.... .1-1lqli.l.r-.__ 1.1lll.-.11.__.
111 -i......-... 1}.:.11 .ll.......... .I.:.} ... ................. nq.-lq.rl L] l..r 1.I.I1l.'i1.r.
................. 1..1...!. ...__.l...-...-. 1__-1-.-..—..—..1..- .-.I.-. ... .. .1.1&1-1.1.__I .'.'-.__ 1.111.1'.11.__.
............... .:..I.Il.f.a.l-_. l..-...-....l.:.—.-... .. n1. |1.1-1.I.llfrl1.__ 1.1lll1.1.__.
............. 1..-_-1..1...‘ __.._-.n..-.... ---.-.—..—.i- :.l... . nq. ll.'-.1-1. -l.l.'t-.__ 1.ll1.1.1.__.
............ 1&.1.[.:..!11[1.[.1- 1-11. }I.I...... 1I.l.... ......... -1.1l l1l11-1.l.ll'rl1r 1.1.1.1.1.r.
............ I.I..-_-_nql.llb..-.- ----1 .-.I.-.l ..-.. .ll.n..... n1-1|1.-l #I-.1-111l.-_l.-iq.__ 1.1.1.1.1.__.

............ 1;.1.-_. 1 1}.:....-.... 1 }.-....1-1.-.}!... . .1.1|1. [ lr|1.1-1.l.l l.-.iq.__ 1.1.1.1.1.__.

............ I_I-b.lqu_na.l- --i.l.-i..1i.i.-..1- ........ ... n1.1l1-1. l]l.."-.1-1. i..q'.qq.r 1.1.1.1.1.r.

i -.I...:. ...... L f.-...-.l..-. ...... I.:. ............. . 4 1|1 ..... llIll 111111 1_-ll1.1. i .

. lI.‘ ....... I.. -.J-. ---- .-.l_.l- ...... :.ll. ............. [ 1 1I.r.i- ..... ...ll“ ------ ll 111111 r- 1111111111 r.

1'.?‘..4 ..... 1&.1.[.. 1111 ir .}I.... ...... 1l.l .... 1llll i ll'll 11111111111111 i .r.

' B I.l. - l.l.-.l. ...... }.l. 1111111 1{ l..fl. ..... I.II.T‘_ 11111111111111 i -l. .

.J.q}....l ...... .1} . ...l.a ...... }..-..}.-.... 111111 1l 'li ..... I1l.-.i .............. i -laq. r.

ll i r..._l ---- .-.l. ...... i.l.-.\. ................ . n1 1111111 1! [ n 1!.; '.1 11111111111111 Y 1. 1-.ll.+i1. __.

l...l.-..l ...... +.1 --- 'S i.li ...... f.-...-a ................ .1.1 111111 fli ..... 1?_1 1111111111111111 " 1-l.f.1|}__1. __.

a .._--. 1111 ™ ot .:.t..-. 111 1|.-_ 111111 -il#‘. ..... . " i.l.'l.l..—.iq. .

1._.-.._.-. 11 o .rl. ._.1.__ ...... .._..-. ............. & l.-..-_ 111111 .._..-.1.- 1111111111111111 & 1.1.-_“.”.__....1.._.

a l.-. ..... [ Pes l.l..-.la ...... }.ln 111111111 l.f.:. ..... filll 111111111111111 [ 1. I..b.fq. r.

] - }.—.l ...... I.-..}_...__ ........ = o i‘.ll ..... [ l.-.l. 11111111111111 __.-.__ . 1.'.—.—..____.1. .

T.._l.__ 111 - .-.i. ...... .i.l..-.\.__ ........ o .1.1 111111 Ili..f‘. ..... 1ii 'i 1111111111111111 & .—.i.q.__ 1.I.__.li..—.lq. .

. l..-. .-1... ...... .r.-...l._ ........ g S $588 —_l.__..-__..- ..... .r__.l 111111111111111 .-..1!.__ -.._ ! 1.-.““.__.-.1. .
111 ] J.'l-..-.... :.l-. ..-........... .1.1I4.:. .1I1. 'l.r.". .—..-.-'.'}l. 1. I..a..lq.r.
................ -..1...‘.-. }—..- -lh.q l1.1lrl.|l l.l.'i.r." .I-.r 1.1.:.[7]1.-.
.............. -.a..q... L] .-..la -.I.l.-.. n1l1l *li..fl. .1I1. lI.rl.-..'I .fl.q.r 1.1}.1.ll.1.r.
............ -..-..—_I..q... .-.}-.. -1 .1.1|1. l.illi .1|1. L] -.-.l.|1|111111-111-|__.-1-1 F __.-.__ 1.!1..1.1.1.__.
............ .l.-il....q... il..-_.q..-- n1. |1|1. ili..rh. .1|1. ifl..—.l.-.}.i..—.l 1.1.1.1.1.__.
........... I.a.}.—.l .1... X la.-..q .. - .1l1. l.i'.ll 'II.I}..I .fﬁa.l.'q.r 1.1.1.1.1.r.
........... .l.l_.-..l....q... .;.t._.. ..-........... [ lrl.l.1|1. }li..'l. .—_-.h.l.-..—.i.-.hi ._..l-.__ 1.1.1.1.1.__.
........... I..J..}.—.I..q... l.-.- S - .:.ll .1|1. l.li__.i .__.fl.l.l.r rl—_lq.__ 1.1.1.1.1.__.

.......... ll..-..la.qlin .1l1| .f.11l_l.1|1. frlhl 1l111111l1111-l1-1!¥l #11.1-1. i!li.q.__ 1.1.1.1.1.._.

- .'.—.J ...... I_.-..}.—.l 111 . 1.-1. lfl.l.l. ..... —_l1-l.l... 1111111111111111 -i__.. ..... 11.{ 2888 l_l. ...... i .

..:..} ...... .ll..-..q.- 111 n1.1 ||||| o, r .-..- ..... 1‘ 'i 111111111111111 -.ll..—.l. ..... -‘_.li..—.l. 11111111111111 e

I..-.l.'.—.l ...... I..-.. . l.l ................ [ 1. 1l1 ..... L] il'.r ..... 1*1 111111111111111 I.1 ll ..... 1.'.1 ..l.' 11111111111111 i

.:..}l.l ...... ..:.‘.Tn .............. nq. 1III.I ..... [ l..'l. ..... —..—. 1111111111111 -‘.Il.'l. ..... -_‘.I.a..l .............. e

.-i.'.—i ...... .i..-. ............... |1.1ll.i.__.i.1 ..... l.li.__.i. 111111111111111 .__|1. .'l. i 1.rl1l 11111111111111 [ 1.1.“

.l.l..-..l.l ...... Ii ...... l1|1#__.lr‘.! ..... 'fll. 11111111111111111 -|11.fl. ..... 1{1# ................ § !

I_.-. }.—..- 11 nq. 1.r1. 1!1.:..1!. ..... —.l ll.l.l 1111111111111 .l.- ..... —.1.!; ni .-_I. 1111111111111 r-a

l.l..-..q.- 1111111 .-_i.q r‘..! ..... I.q ii 1111111111111111 [ ] .—_] ..... -l.li.ﬁl. 11111111111111 .ﬁ

X __..I 111111 o ) -_If—.q ..... f.ll 111111111111111 l.1 l}..l ..... .-..1 ..l.f 1111111111111 [ ]

:..__T 111111 - _..Ih 11111 i__.i..'l.l ..... —_—. 1111111111111 1l.ll.1l ..... -l.l.._..r 1111111111111111 u

.._..-. 111111 s * .....i.__..-__ 111111111111111 .:1. .__.I.-_.__.!__ ..... .r....... 111111111111111

l.l 111111 I- fl. 111111 #fl1-_- 1111111111111 e 1l.l .fl..q ..... #1.{ 1111111111111 L]
111 .._1.1.-_!-_1.._ n.rl.-..-inq.__. .:1.1 - .__..__1|1-.-..1111.111111.A
1111111 i.l_-rl. .1|1.11In ||11|111111|11-|l.~l .1|1.—.l_.li..1-.. 1|111111-11111-.
111111 lr-_f—. #.ll!}.lj lﬁ..l.i 1l111111-1111u
.......... - -.l. 1-1. 1.I.li..-_l. .1|1. 111.1. . 1|1. . 1.1. . 1|l. —.l.l.r.—.l. .1|1. 11.-_ l.-. .1|1. . 1.1. . 1-1. . !
......... ll.il.q .1-1.1!#.iii l-_l-..- ll1111|111111-11-
.......... = .-.ll.::!-......._ "u .-..-.l. .-_..'|11|111111-1A
..... .--.1 lli .1-1.1-_ ll.!.l1|111111|111-|.l .f.l.-lI
....... l..fl..rl.'.qn:q .lhll11|111111|11 il.hl .1|1.1l..li..11. 1|1111111|11111u

ll ...... TI*—. 111111 I.il 111111111111111 -..1 lf.l ..... 1-..1 ..l.i 1111111111111

- il ...... .-..ll..Il' 111111111111111111 —.I.I.II..; ..... —.I.I.I.-. 1111111111111
- l}—. ...... .li.li.l 1111111111111111111 -_'.:.l.-.l ..... 1.ll 1} 111111111111111 “

ll -.II ...... .-..ll . 2355 11.{!..1 ..... 1#-.' 11111111111111
—_ll.‘l. ...... + l.ll 1111111111111111 -l.l.l 111111 .in l.l.- ..... —.I 111111111111111 u

.-_.li.rll ...... .l.1 __.I 111111111111111 -il..?l1 111111 l..li.hl. 11111111111111
.—.TI*—.. ...... I..‘I 111111111111111 -..1 l}.l.l 111111 -.l ..l.-. 11111111111111
-_.Ii..-...:l 1111111111111111111 .-..._ __..-. o __.-..__.._..-. 1111111111111111 u

.—..l‘.li.l 1111111111111111111 rll1-.ﬁ ...... L] 1} 111111111111111

.-..Ii I. 1111111111111111111 I.lq.fl.q ..... .I-.l 1111111111111

* -li.l 11111111111111111 1.!;!.{.- ..... —.l 111111111111111

..l.ull 1111111111111111 j.h g lii.hl1 11111111111111 §
I..'I 111111111111111 -.i ll T| 111111 -.i a.l.-. 1111111111111 u

111111111111111 I_.__.....-.....-. 1|111.-..._.._..-. .1|1. . 1.1. . 1|1. . !

111111111111111 -_i ~ 1|111l1l.11|111111|11

11111111111111 - .fl 1l11-.__.l|11l111111|1

............... » l.:q.q » l.-..-..nqq._iq..nqq.qq.n._
............. l.hll.q-:qlii..?l 1|111111|11111u

............ r..l}rl. 1-1. 1-.|._.l.-. .1l1. 1. 1. 1. 1. 1l1. 1. 1. 1.

............ l.._?-_.:.:q:l.._ ._..-. 1|111111|111._
............ .ln1Tl.1-1.1 ll1l.11l111111l11A

........... llq.fll. 1-1.1-....ll.1. 1I1.1. 1.1.1. 1I1.-
.- .l.i.l ...... 1.!;!....‘ 111111 . u

-il.hl.u ...... lii..?l 111111111111111

1ll}..i.l ...... r.__..-_.-. 1111111111111 [
l....-i-.n ...... a” ._..-.l 1111111111111111 A

ll..}—.l ...... ll1l. 111111111111111 [ ]
ll .f.—.l ...... -..__.l 1111111111111 u

E l.-.l ...... l.1 11111111111111

..ii.....n 111111111111111
T.-a.l.-..q 1111111111111 “

ll ll.l 1111111111111111
ll1.J. 111111111111111 u

-..-..l 1111111111111

‘..1 111111111111111
1111111111111 “

.................

...............

.............

........... n
......... u

1111111

.....

.1.

"

1

L)

|-..

-....

........1.

.-......:.._.._.

i -1.-.!.-.1

1-.. ..... T.-J ™

'S o _1.:_._.

N Lt o T.-. .

.-.. ot i _l.-..._

N LT .-11‘. ..... -.....1-.}

|i ..... -.-...._1. ..... —_l.-_l.-.l

-.. ..... __l.._..-_. ..... -..-..- P

Lt i —..b.ﬁf. ..... ....-..—.l.

.- g —_.._.__...__. ..... .-..l.._.

'..... 11 ..... .l.-.l... ..... 1..-.I...

1.- |I ..... -l.1ll ...........

s :.._._.._.. ..... —_!-_I.-.q ...........

... ...... 1.I.ll| ..... —_‘i.—.- ...........

|'.... ...... ..-..-.:.. ..... ....-Ll. ...........

.- ...... —..-.li..l ..... .-..l.__ ............

|i......l. ...... .l.-.l.- ..... —_‘l ..............

.-......-l.....-. ...... —_.-..1.._I

s o l-.n i —..ll*.-.l

.- ..... :I.-....__. ...... 1.-..-..__

N ..... .l.a.l.. ...... ....-.nl. .... .-.}

1i ..- ..... —..I....i ...... .-.nll . 111..1

- -.. ..... _.I.-.._..__ ...... _..._..._ 1 1....-..._..._.

..... ..- ...1-—_11}!.- i..—:—.._.ll

t -l.:i_. o —...-l}.-.l -- .i—. .-.I
o 1}. ll.l.... ..... 1.. ot L s - 1'll
. _nls.n.. ..... ....-.nl. - o .i-_.—_.-.i

- ....... - .....1 l.._.. ..... - iy l.._ - __..-. L -.._ __.Ill
.......... l.-.!a...-—.l.l- .1.! I.I.. ....i-..—_-.q
1- ..... ll ...... 1}.1}‘; --- h.. .__}.l ..... -I.l.-.i
s ....i.-. B ..11].-.1. --- .-l .-.I ..... - ..... .
..... ...... l_ ll.... ...... {i..a... -- i Ilfll ..... 1..1[..

|- ...... l} a.__ ...... ...-.nl. ........ .-.l. ..... iI.—..i? ..... —i....

—..... .- ...... li l.-. ...... Tnll -- Ifll ..... llfll .......

|‘...... i J#.J..-.a ...... l.l --- }l.—.h.l. ..... i-..—.—..q ....... ....

oo .-.l..l ...... {i. l.-. ---- Iqlll ..... - ll.l ....... ....
o .l}. B J‘.-..l llll .ll.‘.-.l. ..... .l.i ........ ....
1“ ....... I_I.“”... ...... {i “-P -- ..ih.-.. 1l”l“..-.h.. ...‘ll ......... ....
i . . S o
L - ..; ...... - . 1.__.-. ...... W __..-.1| . - o
'e Lo o l..-..-.a ...... I.I --- l..rll.l. ...... .{-..—...1 L .
...... }ih..-... i.}-. --1| Ifl-_.-.—i..lll. ......-..
o }I_.-i._ ...... " i ....-_h.-..-. ...... ..}. - . . ™
o l.l.l ...... li.. . s .—_l.rl._ ...... ._-.I.__. - .-_}..I
L .ll..._.. ...... ...-.-_ --- .-.l.... ..... }Ih.-.l. ...... _.... ...... -4..'
. ...1... ...... -~ l... -- .-_u 80 .—_.l.-.ll .......... . K [ n
................ ll.-..__.l.l}l..-.l.... lihql- - El i?
.- ................. i...;.... --- .—_.-_.li ..... * l...-. .......... i -l.._. ..... ....}..I
[ ] }I_.-..l... ---- ....ll __..-.... ...... .}. .... .......... s . -..... ..... Y » .
1‘ l.. . l.- ---- .—_.-.I.-—. ...... fIl ............ K lb..-.l..-. ..... L] [ ] 4
.- ...-.-. --- e {ll.il. ........ T ! -.{. ..... .-..a..l
1-.!}-- .-.l;..ll1 ....i....-.l.... ... .{.—{l
] I.l --- iy i.- ...... }i L i _.1‘.-.T ..... .l..-...
. I.' - -.l—.. ...... * lll. ......... --... ..... ..i.}.l.l ..... -l....
............ ..—_l.'l.. .........
.......... h. is..- }.{l.l-..l ...l.li.. .........
......... ] .II." ..—_l_..__..l..
........ L] 1] ....I.—.1l.. .........
....... 1 -l.__.l. -_l_-.l..__.-..-. .._.-..._l ....-...-.....
........ 1 l.-..r.—. ll..l.i}..:. ..—_l...... . .
........ i..T-I. il_.._..-... [ T.'ll.'} !
........ .l.'l.-‘ -—.'&.lqn}.fl .I-.}.lll .......... ... n1.1
........ w '... Ij-I..l.-.l.a- l.-..-.ll.i.? .......... L .1.1l-
........ T‘l.l -.t.l. -—..II..__.I._- i__.r.—.l n1.1|.lll
........ .ilq [ [ ..-...II .1- .li..._li.-. h-.th-_-i.!
........ l..i -”}.._li. ....-.#.:.l .11||1-.|i..1{'
......... .-.-. .................. L] .Il.a-l:.n- ....l....1l.} l—_l..qii.- .... n1.1.rl.1.1ll.-
..... ..-r. . '&.l. -'.Il- !-.J..ll} ... .1.1l11l.1l‘1.'li
... '.. .l.l ... a.} ‘_.- --- —_l.qi.l ..... —_li.a..-. ............... 1 .1.1l 111111 .-_l-i-
.-" » Lt l” _.i . -..l.__. ..... ..r.—..._ .............. .1.1|r‘l ...... -_.I.-..ril
l-.I...“" - o —_.-.l..._ ..... ..-....-. ............... 1h.1h -..__-.l qqqqqq .r.__l..l
t-_ a l....-. ...... !-..__ ..... -_i.-. ..... _..._ ....... 1h|1-.|l __I 111111 -.l.-i._._.
..... l.‘.. l..:. -- ..'.l ..l..—_l. l}. l- 1.rl1—_Tl‘_.—_l111111-l..—.i.
............. d .-..'.-. .Ilj.-- 1 l11h1".'li11l1.l.11l1
& [ ] ‘_}l. ..... _l..__..-. ....... i -ii. 111111 -.bl:q
......... -..l.-..- X r.—_...- T nr.-.:.qh.-_ii..-il:iq.qq
......... #? -}.-.- Hh.qllll. 111h.1 lll.l.11-.1.1.1.1
......... l.‘.l-.-. '.lj..a-!-.. hqli.llqh!‘i.quq
......... " .-.-.._. ..-...l.:-..-.._ -- ' .1.....1 1......_.__::.1 ..-.._......:-.1.1.1.1
........ [ hh..fl'h.l.qa.l
........ ..l- “.'!.-.I.l 1-..;.-..- la.-11h.1 T‘ 1-11h1!ﬁl1111-1111
....... —.l‘_. ---. .:...-... r.—..l...l.......... nq l.a'i..'ll.
........ F I' ...-...lql l.-.rn.-.- l.qll‘.ﬂ‘a-11h.1 ll- .111h111111-1111
........ .I-.- .I.-.-.'..a.‘. ......-...... .1 I.—.T'l.'i.l
........ l' I .'J.-l.ql.—.- - n1.1.-|.1 ] __.111l.1. l.hl11l111111-11-.l.-.l
......... L II-.-. #.1.-. ..-...I..'I ..-.... ......-... .1.1h11l.1—.'l.'l{ 11h.1 I.14I111h111111l1-l1..1il
......... ;i_—.__..__r ..-...ln.__.l. - - 51.1| -11|.1—.11 & hq‘.quhqqlllll..
..... ] ... -.n‘.l.:. -r.—.l- ..... l"i..'* I.l'il
B .-“...... ot ..-.”L .................. .._1.__ e .-_..-. ...... ul.._ -i__.__ 11111 l.._.-_.q.-. 1111111111111111111 l.-..r.a..-_
1.1- . -i....._. ...... e s Ii..ll] 11111 —.[i.ﬁ...l.. 111111111111111111 li.hi.q
. :-i . l.l".—. a” .-...._. -- ' B l-_.l.-.__.._ 11111 .-..1.-_ 1111111111111111 s M __.l..-.l
I.... - -.-.'l ................. 1.1l 11111 l.lll' 11111 I.qa.l 11111111111111111 l.ﬁl 111111 lli.hll
..... .-.-..In -.I_-...- 1l4-11l.1 l‘l. 11l.1—...l1.1 11h11.1111h.l1|l} 4.11-.1 lll-.I
............. il. l.r}. 11 - lI.l11l.1 '-_l'l_l11l.1.1.1.1 11I11111.I1rl.l‘.l.111l1l+ lll
........... in -_1-.- nh.1h il. .l__11|.1 liIii;11|.1.1.1.1 hh-_..-.ii.-.
& r . o o s li }li 11111 Ii.h -..1- 111111111111111111 .-iii il 111111 -.l.'l.q
........ . l.-ll......- .1.1|l.1 liil....._11|.1.11l. l.11|.1.1.1.1 11l.1.1 .l.-.l.11l.1 TI}..-.J.11-.1—_1.1.1
....... r l-_... _-. .1.:1:: .-_E.-_.._I. :n.q !.1___.._1.1:.1.1.1.1 :n.:i.-...rn::.. ..i...-.n.:n.q.q:.q
........ I.u.. r . .1.1ll.-1.h.1 ll l.aa11l1—_l.l1111l1111 11h.l1fl}.l.l.11h.1 lllrl.11-.1.1.1.1
........ il [ ] n1.1| l.-i11l11 li.i'li11i111111|1111 1-l1—_ltli|111l1—i. rll.11|.1.1.1.1
........ ll » .h.1 }il_!__q.h.1 l-_-.il.111|111111|1111 |1h.1—.|i}..a.l.11h.1 111.#1.11-.1.1.1.1
........ 1 ll. .11h|1 ‘.f[li11h11 li.ﬁ-.l.-11|111111|111 |111h.1 l.hil111h1-l.'l111|1111
........ [ Y ll. ................ n1.1ll.1 l-.lla1.l.1 111'.11.. 1.1.1. 1.11.. 1.1 .l.-.l. 11I.1 fl}.l.l.11l. 1—_1.1. 1.111. 1.1.1.1
........ II .-.l h11h11 Ii..fll.-.__.lir hll.llh
........ [ ] -............ 4 .I1 h.1 1! ‘4-1.h.1_l. 1111l111111l.l1fll.'li11h1 fll—_l11h111111-111-
......... .__._1IL.. .1. am r l11 l.i.#'l_qu - -1| 11l.1 + rll11l111111|11u
......... 1 .1.1|1l .I1 h.1 l-_lh 'i.!-.l. 11h.1.ll #111h.111.111-.1
....l! 11111 - lh1 h11 Ii.h-.l.-. 11111111111111111111 —.lIﬁ-.i 111111 l.- 111111111111 n
...'- l... -v._ 111111 Il. |1 l.1 11.;' 111111111111 * l..a 11111 fl}.l.l. 11111111111111111
ll "" |l li1f a h11 -_ll 11111111111111111 lhr 11111 .—_i.hll 11111111111111
. ..l.-" 1111111 1Il.._..1 2" 11l.l 11111111111111 5 ill—.i 1111111111111 u
-.... 1 l.l."-.l1 l11. 111111111111111 —:—.{ ll 11111 * rll_ 111111111111111
..... 1 . . o 111111111r1-.h1 h11111h1111-l1l1 I.I'l.l..aqql.q. L] .J..1 11h.111.111h.1l
11111111 .-_lil.-...l1 h1111111h1111-|111|1 .-_h...i 11|.11l.-..__.1 11h.1.1.1.1.11h..“
11111111 #.#.1 - 1.1.1. 1.1.l. 1.1 .ll.l. 11..1 iil.l.li11|. 111.1.1 11l. 1.1.1. 1.11
1111111 -_..II1.1 h1111.111h11-l*.1|l 11l1—:—.‘.14l.-11l1111 11h.1.1.1.1."
.......... l.l1111111l.l111 h.q. 1.1.1. 1.h-|.}ll.il. 11|.1 ifl—.i.11|.1. 1.1.1 11h.1. 1.1.
........ [ ] 4 1.111.111.111.1 l11.111.1-b111.—..{lil 11|.1—:—. lll_l11|.1.1.1.1 11l.1.1.-.
........ ¥ ' .I 111.111.111.11 h.1.1.1.1-i.h.1.l ll.l. 11|.1. L] .4.1.11|.1.1.1.1 11h.1.u.
11111111 i. ' ll 11.111.111.111 h111.1-|-11h111.1.-_.1r| 11|.11 Iy .1.11|.1.1.1.1 11h.
1111111 » ' 1 1.11111111111 l.l_.._ill.l.l..._ .
111111 [ ] .111.1. 1. 1.1. 1. 1. 1.1. 1.1 h11-l.ﬁll.a11h111.—.*.1a.l.a11l 1.1. 1. 1.11l. 1. 1.1.1
1111111 r F .l.1.1.1.1.1.1.1.1. 1.1.1.1 I.Il-..-ifr 1.1.-
....... -H___._........... .._......_.._.__.._...u... ......!n..n......n..u
1111111 il.I -11111111111-| h.1.l.ll.l..__1.h.1. i1.:..111|111111|1
1111111 1.""11.111.11 1.1 |-1 h111.1i.1...l-11h11!....-..__1 11..1.1.1.1.11|.
1111111 r ' l.“..q...qq: .1.!.-.-1 h.-...__.-..-..-..._hq
1111111 .-"+.- .111.111.1...!-..._.__ r n.ia.l.__n._
1111111 1li .I-ll.l.lu
1111111 .—_.-. .1.1. 1.1.1. 1.1.1. 11 .'.11!.1 I1111fl..l11l11.11 1.11.. 1.1.
1111111 1111111111].{[.{1 1h11i1.4.11h111111|1._
1.l-.l..1 1!! 1111111111111 1.—..1...‘11h111l.-.l 1111111111111 A
l-1l!. 1.1 1111111111111 r ‘i{.1 I. 1. 11111111111111 a
.11'..1.-“'. 1111111111111 __.-_.r.-.l 111111111111111 u
I- 111111111111 l}l1h.1. ................
1.1.I.I 111111111111 .__.-_.....-..11 h11. 11111111111111 n
111111111111111 I}*1h11111h1“
111111111111111 ¥ .f}.i.|11h11 1.1.1.11h1
111111111111111 I}i1l1.111.1u
111111111111111 ¥ .fl.i.lq h11. 1.1. .
111111111111111 - }.J1h.1.1.1.-
111111111111 ..1. 1.1.1. 1.1.1. 1.-....'.__!11 l11.1.“
111111111 - |11111111|.111I1 h.1.
1111111 hha111111111rl—. r h.u
1.1._- . nl."h. ............... _1|1 r
1.11.-_.1. 111111111111 —.1 L]
1.1.1. l.".q .h ............... “
1.111‘ - .
1.11 ll 11111111111111111 u
1-1—. - 1“ ---------------
...- .
1.11.... ................. u
1.1—. 1111111111111111
1111111111111
111111111111
11111111111111111
11111111111111 u
111111111111
1111111111 y
11111111 A
1111111
1.1.u.
!
r

Da
et
3
Ry
o
k'
2
..ﬂl.»m
33
8.
i
J_MM
1
FLE
s
X
B



U.S. Patent Feb. 1, 2022 Sheet 3 of 6 US 11,234,359 B2

o N: 554 ‘*

R: 0.662
Bias: -0.014 **
UbRMSE: 0.03 |

0 041 02 03 04 05
In situ SM at 2.5 om (cmgz’{:mg}

Fig. 3a

~~ {35
4 : )

H

¥

***************************************************

##################################################

LY
L ] L K '-"-'_"'_"i"'_"'_'-'_"'
]

(3.3

S
L
N
e~
S
=
1%
T2
3
-
@
3
"

(7/07/48  1TIO07/25  AT/O8/04  17/08/08  17/08M5  A7/08/22  17/08/20
Liate

Fig. 3b



U.S. Patent

Retrieved Tau

H

o

i

o BV P P M i P P e e g e T e e e T P e Y P Y P Y T Y P Y P e B e P Y e e P Y e e e i e e

’J

HRetrieved Tay
€D

rte et tr et te e te i tn et e bt e e

P o

Feb. 1, 2022

<

2
o}
&

K

1g. 3¢

Sheet 4 of 6

Lata
)
LA

d
L ]
-Il_‘"i.-'ll r i‘
1w e e

PR -ll"ll

-h'.i‘i L i‘i

¥ L]

M e e e e e e i e e e i e i e e i i e e e e e e e e e e e i e i i e e i e i i e e i e e i e Bl i e e i e e i e e e e e i e i i e e e e e e e T e e e e e e i e e e e e e e e e e e e e e e e e e e e e e e e i e e i e e e e e i e e e e

m~

US 11,234,359 B2

J.\-.\-.\-.\-.\-'.\-.\-.\-'.\-.\-.\-.\-.\-.\-'.\-.\-.\-.\-

L}
.\-.\-.\-.\-.\-.\-.\-.\-.\-.\-.\-'.\-.\-.\-.\-.\-.\-‘-.\-.\-'.\-.\-.\-.\-.\-.\-'.\-.\-.\-.\-.\-.\-.\-.\-.\-

"

3
YRS TOUU

t

&

- o
=

L
" ! ' ' i ! !
: r'\-"\-'\-"'""""\"'\."\"'\."\."\"""'\."\'-"\.'"."""\."\."\'-'"‘-""""'""""'"'
b ‘
P % Helrieved Tau
¥ e
. »
i I
¥
I
1 I
' i
I [
L
I
7 Fitted VWC t
™ M I
P 21
I
N '
I
¥
I
L
I
bl Measured VWC 3
L
M I
:
. .
] ¥
L
L
¥
L
¥ 5y
) W'
L
] :
' o
L
¥
f"‘"‘
‘ L
L
¥
L
) ) et
: N y "‘..:4.,
: T ‘:‘-I' . - :
Ty E M I o)
L) ko :4-:#:1 :ll:ll: .
¥ el TR
¥ R -:i'_ 4-:1-:1-: _|:|-:|-:'
:"‘"" :"‘:.‘:'i o :an't'." '_4-:-_4
» ¥ e 1:" "‘.,".,:, el
¥ l-:-:- Il:llrl 1-:1-'
[ ] '-ll‘-l._ -
¥ -
L] .
-
L o
¥
¥
L
L 5 1 1
d e o e e e e e e e e e e e s e e e e e e ¢ e e e e e T e e e T e e e e T s e T e e e M e T e e e e O e e e T e e e e s e s e T e ¢ e e T e T e e s e e e o e e e T e s e e e e e e e e e e o e e T T e T T e e s e e e e e e e e e e e e e e e e e e gD

1707118

17/G7125

17/08/01

17108708
Pats

io. 3d

TIO815

17/08/122

17/06/2%

In situ VWC (kg/m*®)



U.S. Patent Feb. 1, 2022 Sheet 5 of 6 US 11,234,359 B2

Q . :
. ﬂ. ]
L]
L)
L]
L)
L)
L]

N: 522
R: 0.634
Bias: -0.017 -
UbRMSE: 0.036

Relrieved SM {s:m'z3/{::,3'%3

0.3 04 05
in situ SM at 2.5 om (eny Sfem® )

Fig. 4a

o) e U S
g In sztu SM ;
aa Retrieved SM

1?’!0?518 1?m?;25 17108/07 ’%?3’88588 17{08/15 ‘27!{}&;‘22 ’E?f&%-’?%}
Liatle

Fig. 4b



U.S. Patent

Feb. 1, 2022

Sheet 6 of 6

A, e, e o e e e e, 'ﬁ.'ﬁ.'ﬁ.'ﬁ.-ﬁ.'ﬁ.'ﬁ.-ﬁ.'ﬁ.'ﬁ.'ﬁ.'ﬁ.'ﬁ.'ﬁ.'ﬁ.'ﬁ.'ﬁ.'ﬁ.'ﬁ.-ﬁ.'ﬁ.'ﬁ.-ﬁ.qﬁ.hhhhhhh‘ihhhhh;ﬁ.hhhhhhh A e e, A, A A, e, A, A, o o,
L ] L]

US 11,234,359 B2

L) Ll
L)
L)
L)
L)
L)
L)
& L}
L)
H ¥ .
L)
L)
L)
L)
L)
1‘
e e
- L)
L M
' M r &
[ ] |*ll*_ll‘_
[ ] Lt
L)
L)
L)
.
: lr:q-:lr
M e,
| T‘ll L3
X el 0
e el
M P
. X K
| 'r.ll-ll
L) )
r‘. ll._lll *4*
e
X )
.
L)
L X
.
X e
A L
] L
L)
L |
L)
i
X 1-;4*4-
] 1-‘1-#
X Lt
X LS
X Ao wa
X UaE e S e Y
. - ..‘ 4-I.
M el I*:*:’
Wy, L -
DM
L | ]
et ) x
A LI ) -‘4*11 e
X T R
X e
X LA
4 ¥ EREE
- 4 R W
X s S LML
X Foas W 2w
X U N L Ul M)
] oty eta"s Y
s T A Bl SN
X 'a-:t:i -:-:t_ 2
X P x5 II”‘
] Wete oty
: e e i -
] LS LN
= s v
X )
X
¥ et
L | '*4 1
H o
: # l-:q-l -
. “l I
L)
L)
L)
e
X TR
L) LR
A 1-*4-‘4
¥ P
L) TR R .
M N
U Y
¥, a0t o e e e e _roe e L L e
-
il il il ™ il il il ™ il il 'r"'h"' il il il il .-"'h::h"'h"' =ﬁ"'ﬁ"'ﬁ"’ il il ™ _ﬁ"‘-l [ o o
1 1 ! P i' ey i
A 1 i 1 : :
: ."'H_ il il il ™ il il il ™ il il iy
]
|
]
1 - " 4
»
1 : : **.:‘ ﬁ-
| ' X ¥
1
I ]
I ]
H ]
1 H ‘
e ' iy
3 1
L) 1 :
L]
1 L) ‘!‘!\.‘q
1 k 1l'*l-
]
|
I ]
1 : Jr:a-
1 ' Aok
Vot : y
l I-I.-_ FLF L L FLF L L FLF L L FLF L L FLF L L mF
[ a0 g™
Ul )
| S & » oy T
m l *l‘
n 1
: _4;4-_
@ H L
1
|
L J
5l
} : ".“'*
1 m L
] F &
| - L Xx
4'l-*- " l-*!
1 =y
| . ata L3
» | e .y . bl
! 1 - r'y
o 1 ll._l
|
+-‘ 1 - e
» 4 »h
1 . KA K X
) ESNE ¥ .
1 o e ! a
! » *a'a T .
1 & I|'l-"-r 4-'1-* ) 4‘ - 'H
1 Ty B o] Dl
1 u T BT " " -
LX) » A R R R )
| e ) " R
L) - DM * L
| L) u Sl -
» ) Ut x -
| ) aa o . s . vk
) . L) LN 2
| e ) 1 E) ) ) )
L L | L B LI L [
L] 1 » T Cp ) x - s ' .
Ut} Eat ) » Ea - P =Ty
1 X L+ L - L) -
> Unl ] > o~ »
1 x ol ] L] L | LaC 3 * & » X
L]
1 s Y 4-:1.' ) ln:t:- . . 4,:,.
K L
! . "y ' . el Fury N pa———
| - P » vy ) . ) LN ¥
1 [ ] K i 4‘4 r*ll‘ *4‘ ‘-Il‘_' !*4‘ L -r*q_ l|l‘.llJ -Il*l o ill‘i
- U ¥ BE A ¥ Ll
¥ r L) w0 »
1 ¥ X & L B
S N LY L LY
) ) : X
: Tatay ] "1-':-'#" ‘ - - .-*4*
1 T R DL { ! P R E
I e i T o T T T O Al O O O T B O O O O T O e T e T i B e s
= . L] l- *I.‘I‘I* - "I.‘ ‘l.'l. ) " -l.

17707118

17/07125

17/086/01

1

17/08/08
Pate

o. 4d

1770815

17/08/22 17/08



US 11,234,359 B2

1

METHOD AND DEVICE FOR SOIL
MOISTURE RETRIEVAL USING
MULTI-CHANNEL COLLABORATIVE
ALGORITHM AND PASSIVE MICROWAVLELE
RADIOMETRY

TECHNICAL FIELD

The present invention relates to the field of quantitative
remote sensing, and more particularly to a method and
device for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry.

BACKGROUND

The remote sensing observation of soil moisture mainly
depends on a microwave remote sensing technology. Espe-
cially, the soil moisture at a global scale can be obtained by
a space-borne passive microwave radiometer within 2 to 3
days. At present, the soil moisture retrieval algorithms are
generally developed for specific satellite payload configu-
rations, which can be divided into the following three
categories: (1) a reverse solution based on the radiative
transfer equation; (2) an iterative solution based on the
radiative transfer equation; and (3) an analytical solution
with certain indices from microwave observations. The
above-mentioned retrieval algorithms comprise the follow-
ing disadvantages and limitations: methods (1) and (2)
require auxiliary data to assist in the retrieval process. For
example, prior information on vegetation, such as the veg-
ctation water content from the auxiliary optical images have
to be used to account for vegetation eflects 1n the reverse
solution of the method (1) to derive the soi1l moisture. In the
iterative retrieval solution of the method (2), the differences
between radiative transier model simulations and satellite
observations are minimized through a certain cost function
to obtain a solution result of soil moisture. Because a
situation of multiple minima (multiple solutions) are prone
to occur 1n this process, the auxihary data 1s generally used
as an 1nitial value or as upper and lower bounds of unknown
parameters to constrain the retrieval results. The method (3)
1s used for performing an analytical solving of the radiative
transier equation. There are many parameters in the radiative
transier equation that affect observed brightness temperature
of the Earth land surfaces. The model has to be simplified to
obtain an analytical solution. Generally, it 1s assumed that
the vegetation eflects are polarization independent or there
1s no vegetation scattering effects. In fact, these assumptions
and neglections are not 1n line with the actual situation, so
the retrieval results of so1l moisture are inconsistent with the
ground-based observations. Therefore, a technical solution
that can overcome the above deficiencies at least in some
ways 1s urgently needed.

SUMMARY

An object of the present mnvention 1s to provide a method
and device for soil moisture retrieval using multi-channel
collaboration algorithm and passive microwave radiometry.
In the retrieval process, 1t does not rely on the auxiliary data
as mputs or constrains for vegetation properties, does not
need to neglect the scattering effects and polarization depen-
dences of vegetation, and reduces the situation of multiple
solutions and uncertainty during the retrieval process.

In order to achieve these objects and other advantages
according to the present invention, the present invention
provides a method for soil moisture retrieval using multi-
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2

channel collaboration algorithm and passive microwave
radiometry, comprising the following steps:

establishing a mathematical relationship formula between
brightness temperatures at any two channels according to a
microwave radiative transier equation;

collecting an actual brightness temperature of a core
channel and actual brightness temperatures of collaborative
channels:

selecting parameters to be retrieved, wherein the param-
eter comprises at least a soi1l moisture value;

giving a series of estimated values of the parameters to be
retrieved, calculating a series of predicted brightness tem-
peratures of the collaborative channels according to the
actual brightness temperature of the core channel, the micro-
wave radiative transier equation and the mathematical rela-
tionship formula, comparing the predicted brightness tem-
peratures ol the collaborative channels with the actual
brightness temperature, and determiming the soil moisture
value among the series of estimated values of the parameters
to be retrieved according to a comparison result; or giving
initial values of parameters to be retrieved, performing
iterative calculation to obtain a series of predicted brightness
temperatures of the collaborative channels according to the
actual brightness temperature of the core channel, the micro-
wave radiative transfer equation and the mathematical rela-
tionship formula, comparing the predicted brightness tem-
peratures ol the collaborative channels with the actual
brightness temperature, and determiming the soil moisture
value according to the comparison result.

Preferably, in some embodiments of the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry, the microwave
radiative transfer equation is represented by a two-compo-
nent model under the zero-order approximation.

Preferably, in some embodiments of the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry, the mathematical
relationship formula 1s written as:

{ {

Ei—h(z)
S, = —

€chil)

Vrh 2
v = k@)

i
ch(l)

wherein, Tb,,,,*** and Tb,,*** are brightness tem-
peratures at any two channels, €_,,,” and e_,,,” are micro-
wave emissivity of the rough soil surface at the any two
channels, V_,,,"and V_, ,," are vegetation transmission term
at the any two channels, and V_,,,” and V_,,,,” are vegeta-
tion emission term at the any two channels.

Preferably, in some embodiments of the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry, at least one of
frequency, 1ncidence angle or polarization 1s different
between the any two channels of the core channel and the
collaborative channels.

Preferably, in some embodiments of the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry, according to esti-
mated values of one or more parameters to be retrieved, the
actual brightness temperature of the core channel, and the
microwave radiative transier equation, estimated values of
other one or more parameters to be retrieved are calculated;
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the value of the parameters to be retrieved of the collabora-
tive channels 1s determined according to a relationship
between parameters to be retrieved at any two channels; and
the predicted brightness temperatures of the collaborative
channels are calculated according to the value of parameters
to be retrieved of the collaborative channels and the math-
ematical relationship formula.

Preferably, in some embodiments of the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry, the number of
channels comprised 1n the core channel and the collaborative
channels 1s not less than the number of the parameters to be

retrieved.

Preferably, in some embodiments of the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry, the parameter to
be retrieved further comprises vegetation optical depth; and
a relationship between vegetation optical depths at any two
channels 1s:

0

()
2

Teh()

wherein, T, 1)0 and ’Uch(z)ﬂ are vegetation optical depths at
frequency 1, and frequency 1,, respectively, and X 1s a
parameter depending on a vegetation type.

Preferably, in some embodiments of the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry, the predicted
brightness temperatures of the collaborative channels and
the actual brightness temperature are compared by estab-
lishing a cost function.

Preferably, in some embodiments of the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry, the method com-
prises establishing the cost function, wherein the cost func-
tion 1s:

N :
d total +2
, 2 : (T = THGE)
mind = THiotal ’
= chi(i)

selecting the minimum value of the cost function and an
estimated so1l moisture value corresponding to the minimum
value of the cost function from comparison between pre-
dicted and actual observed brightness temperatures at the
collaborative channels; and taking the estimated soil mois-
ture value as the retrieval results of soil moisture value.

The present mvention further provides a retrieval device
for soil moisture retrieval using multi-channel collaboration
algorithm and passive microwave radiometry, comprising:

a Processor;

a memory, which stores an executable instruction;

wherein, the processor 1s configured to execute the
executable instruction for performing the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry.

The present invention comprises at least the following
beneficial eflects:

the retrieval 1s performed in the present mvention to
obtain the soil moisture and vegetation optical depth by
using mutual collaboration of multi-frequency, multi-angu-
lar or multi-polarization observations. In the retrieval pro-

10

15

20

25

30

35

40

45

50

55

60

65

4

cess, (1) the core channel brightness temperature observed
by passive microwave radiometry 1s directly used to obtain
a set of candidate parameters for the retrieval of soi1l mois-
ture and vegetation optical depth. This process reduces the
multiple solutions when solving the radiative transier model.
(2) Then the observation of the collaborative channels 1s
used, and the cost function 1s established to filter out the set
to be retrieved and determine the retrieval results. This
process utilizes all the mformation from the collaborative
channels to guarantee the retrieval results are robust. The
retrieval process does not rely on the auxiliary data, espe-
cially the vegetation data, and does not need to neglect
scattering eflects and polarization dependences of vegeta-
tion. Multi-channels data are used to determine the param-
cters to be retrieved by the collaborative equation, which
reduces a situation of multiple solutions and retrieval uncer-
tainties.

Other advantages, objects, and features of the present
invention will be showed in part through the following
description, and will be understood 1n part by those skilled
in the art from study and practice of the present invention.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIG. 1 1s a flowchart according to the present invention.

FIG. 2 1s a schematic diagram according to the present
invention.

FIG. 3a 1s a retrieval result according to an embodiment
of the present invention, Retrieved SM vs In situ SM.

FIG. 3b 1s a retrieval result according to an embodiment
of the present invention, Retrieved SM vs days.

FIG. 3¢ 1s a retrieval result according to an embodiment
of the present invention, Retrieved Tau vs In situ VWC.

FIG. 3d 1s a retrieval result according to an embodiment
of the present invention, Retrieved Tau vs days.

FIG. 4a 1s a retrieval result according to an embodiment
of the present invention, Retrieved SM vs In situ SM.

FIG. 4b 1s a retrieval result according to an embodiment
of the present invention, Retrieved SM vs days.

FIG. 4c¢ 1s a retrieval result according to an embodiment
of the present invention, Retrieved Tau vs In situ VWC.

FIG. 4d 1s a retrieval result according to an embodiment
of the present invention, Retrieved Tau vs days.

DETAILED DESCRIPTION OF EMBODIMENTS

The present invention will be described 1n further detail
with reference to the accompanying drawings below in order
to enable person skilled in the art to practice with reference
to the description.

It should be noted that terms of “having”, “containing”
and “including/comprising” as used herein do not exclude
presence or addition of one or more other elements or
combinations thereof.

In a technical solution, as shown 1n FIG. 1, a method for
so1l moisture retrieval using multi-channel collaboration
algorithm and passive microwave radiometry, including the
following steps of:

establishing a mathematical relationship formula between
brightness temperatures at any two channels according to a
microwave radiative transier equation;

collecting an actual brightness temperature of a core
channel and actual brightness temperatures of collaborative
channels;

selecting parameters to be retrieved, wherein the param-
eter comprises at least a so1l moisture value;
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giving a series of estimated values of the parameters to be
retrieved, calculating a series of predicted brightness tem-
peratures of the collaborative channels according to the
actual brightness temperature of the core channel, the micro-
wave radiative transier equation and the mathematical rela-
tionship formula, comparing the predicted brightness tem-
peratures ol the collaborative channels with the actual
brightness temperature, and determiming the soil moisture
value among the series of estimated values of the parameters
to be retrieved according to a comparison result; or giving,
initial values of parameters to be retrieved, performing
iterative calculation to obtain a series of predicted brightness
temperatures of the collaborative channels according to the
actual brightness temperature of the core channel, the micro-
wave radiative transfer equation and the mathematical rela-
tionship formula, comparing the predicted brightness tem-
peratures ol the collaborative channels with the actual
brightness temperature, and determiming the soil moisture
value according to the comparison result.

In the above technical solution, the microwave radiative
transier equation can be generally represented by a two-
component model under the zero-order approximation
(Omega-tau model) as follow:

1

I bP,efﬂmE:ﬁ' lepos T tepos (1-€pg i) lpg sl tep,
o 1pgrI|+(1-/,)epg s T,

(1)
where the Tb, o/ is total microwave radiation of soil

surface observed at the polarization of P, incidence angle of
0, and frequency of 1. The values T, and T are the physical
temperatures of the vegetation and soil, respectively, e g ~
1s the microwave emissivity of the rough soil surface, and
€p.o.r 18 the emissivity of the vegetation, which can be given
by the equation e, g ,=(1-wpq #(1-I'p g J, the wpg 15 the
effective single scattering albedo, and the 1’5 g 18 the veg-
ctation transmissivity depending on the vegetation optical
depth.

The mathematical relationship formula between bright-
ness temperatures at any two channels 1s established accord-
ing to the equation (1). The specific form of the mathemati-
cal relationship formula 1s not limited, as long as 1t can
express the brightness temperature relationship at any two
channels. At least one of frequency, incidence angle or
polarization 1s different between the any two channels. The
actual brightness temperature can be obtained by a micro-
wave radiometer mounted on a platform such as satellites,
airplanes, vehicles, and drones. The estimated value for soil
moisture can be listed at fixed step intervals based on
experience, preferably not greater than the soil moisture
porosity. For an estimated value of any given parameter to
be retrieved, predicted brightness temperatures of the col-
laborative channels are determined according to the actual
brightness temperature of the core channel, equation (1) and
the mathematical relationship formula. Alternatively giving
initial values of parameters to be retrieved, an iterative
algorithm 1s performed to obtain predicted brightness tem-
peratures of the collaborative channels. The predicted
brightness temperatures of the collaborative channels are
compared with the actual brightness temperature. The col-
laborative channels with a mimmimum difference, namely a
minimum value of the cost function, are selected and the
estimated so1l moisture value corresponding to the minimum
value of the cost function from collaborative channels 1s
taken as the soil moisture value. It can be seen that the
retrieval process of the technical solution does not rely on
the auxiliary data as inputs or constrains for vegetation
properties, and 1t does not need to neglect the scattering
ellects and polarization dependences of vegetation. Multi-

10

15

20

25

30

35

40

45

50

55

60

65

6

channel data are used to determine the parameters to be
retrieved by the collaborative equation, which reduces the
situation of multiple solutions and uncertainty during the
retrieval process.

In other technical solutions, 1n some embodiments of the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry, the
microwave radiative transier equation 1s represented by a
two-component model under the zero-order approximation
(Eq. 1) for convenient calculation.

In other technical solutions, 1n some embodiments of the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry, the
mathematical relationship formula 1s written as:

[ {
Theny = Venay = SrVe - Vipy + SV - THE )
G - € eh(2)
s
€chil)
{
v — Ven)
FoT Vr
ch(l)

where T, ,,°"* and Tb_,,"’ are brightness tempera-

tures at any two channels, e_,,,” and e_,,,” are microwave
emissivity of the rough soil surface at the any two channels,
and V_,,," and V_, .,/ are vegetation emissions at the any
two channels, and V ,,,> and V., are vegetation emission
term ol the any two channels.

In the technical solution, for better separation of soil and
vegetation contribution, the two-component model under the

zero-order approximation 1s rearranged as a two-component
(soil and vegetation) form:

rotal e £ s
Tb-:':h o Vch + Vch Ech

(2)

Vchezm.echv.(1+rck)].Tv (3)

Vchr:[(l_ﬁf)_l_ﬁf.rch].Ts_m.rch.echv).z_rv (4)

where V _,© 1s the vegetation emission term at the channel
ch, and V _,’ is the vegetation transmission term.

For different channels, that 1s, when there are multiple
channels to be observed, the so1l emissivity of the difierent
channels can be expressed as:

total
S _ Tbﬂiﬁ) _ ;h(l) (5)
ch(l) —
Véh(l)
total
s o) — Va (©)
(2) —
’ Véh(Z)

dividing Eq. (5) by Eq. (6), we obtain:

otaf 5 e otal
Tbck(E)r i =Veney =5V Vencny +SrVr.Tbck(l)r “,

(7)

wherein,

(8)

g Eih(Z)

P 5

€chll)

1s the ratio of soi1l contribution, and
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Véh(l)

1s the ratio of vegetation contribution 1n terms of transmis-
s1on term.

The above equation clearly expresses the theoretical rela-
tionship between the brightness temperatures at any two
channels (frequency, incidence angle or polarization) by the
observation of the brightness temperature of the core chan-
nel ch(l) to predict the brightness temperature of the other
collaborative channels ch(2), without any further assump-
tions. This relationship allows the consideration of vegeta-
tion eflects differences in terms of frequency, incidence
angle and polarization, and can be used to define and filter
the parameters to be retrieved.

In other technical solutions, 1n some embodiments of the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry, at
least one of frequency, incidence angle or polarization is
different between the any two channels of the core channel
and the collaborative channels, such as the L-/C-/X-band,
horizontal polarization and vertical polarization, or an inci-
dence angle of 40-65 degrees.

In other technical solutions, 1n some embodiments of the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry,
according to estimated values of one or more parameters to
be retrieved, the actual brightness temperature of the core
channel, and the microwave radiative transier equation,
estimated values of other one or more parameters to be
retrieved are calculated; values of the parameters to be
retriecved of the collaborative channels are determined
according to a relationship between parameters to be
retrieved at any two channels; and the predicted brightness
temperatures of the collaborative channels are calculated
according to values of parameters to be retrieved of the
collaborative channels and the mathematical relationship
formula. In the technical solution, the microwave radiative
transier equation mainly includes the soi1l moisture, vegeta-
tion optical depth, the surface roughness parameter, the
cllective single scattering albedo, and other unknown
parameters. One or more of the soil moisture, vegetation
optical thickness, surface roughness parameter, and eflective
single scattering albedo can be used as parameters to be
retrieved. Giving estimated values of one or more of the soil
moisture and vegetation optical thickness, surface roughness
parameter, and eflective single scattering albedo, estimated
values of one or more of parameters to be retrieved are
calculated according to the microwave radiative transfer
equation, and values of parameters to be retrieved of the
collaborative channels are determined according to the rela-
tionship of the parameters to be retrieved. For example, the
vegetation optical depths at different incidence angles and
polarizations can be considered as equal, that 1s, the veg-
ctation optical depth of the collaborative channels 1s the
same as that of the core channel. On this basis, predicted
brightness temperatures ol the collaborative channels are
calculated according to the mathematical relationship for-
mula.

In other technical solutions, 1n some embodiments of the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry, the
number of channels comprised in the core channel and the
collaborative channels 1s not less than the number of the
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parameters to be retrieved, which 1s convenient to solve the
value of each parameter to be retrieved.

In other technical solutions, 1n some embodiments of the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry, the
parameters to be retrieved further comprise vegetation opti-

cal depth; and a relationship between vegetation optical
depths at any two channels 1s:

0

Tgh(l) _ (ﬁ]x
f2

Teh(2)

where ’EC;Z(I)D and 1:,:;,&.(2)D are vegetation optical depths at
frequency 1, and frequency 1,, respectively, and X 15 a
parameter depending on a vegetation type.

The influences from soil moisture and vegetation optical
depth 1n the microwave radiative transier equation are most
significant, and the surface roughness parameters and eflec-
tive single scattering albedo can be preset as needed. For a
given surface roughness parameter (Rou) and the effective
single scattering albedo (w_;,.5,), the microwave radiative
transfer equation only comprises the unknown parameter
{SM.t_,1, }. For example, the retrieval algorithm can be
carried out 1n a traversal form as follows: for a set of
parameters to be retrieved, giving the parameter of {Rou,
W51y f> DY assuming a series of soil moisture (SM) values
(e.g. from 0.001 cm’/cm” to its maximum porosity), a set of
parameters Tc}:(l)ﬁ could be obtained by resolving the veg-
ctation optical depth by the microwave radiative transfer
equation (1) with knowing the observed brightness tempera-
ture of the core channel Tb_,,,""*. A set of parameters
Tepn(a: N)D can be obtained by assuming the relationship
between vegetation optical depths of different channels, and
the set of parameters to be retrieved is {SM,t_,,,"}. There-
fore, the soil moisture retrieved by this technical solution
will have a good correspondent relationship with the
retrieved vegetation optical depth, which reduces the occur-
rence ol mvalid solutions 1n the results.

Restricting conditions: a set of the brightness temperature
b, . M“fsmm‘ﬁf observed at the collaborative channels can
be calculated through Eq. (7) with the above obtained
{SMLROU,® 5.0y Tenca:ny 1~ 1t should be noted that they are
estimated values obtained based on the Eq. (7) and assumed
surtace conditions.

In other technical solutions, 1n some embodiments of the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry, the
predicted brightness temperatures of the collaborative chan-
nels and the actual brightness temperature are compared by
establishing a cost function. The specific form of the cost
function 1s not limited in the technical solution, as long as 1t
can express the difference between the predicted brightness
temperatures and the actual brightness temperature.

In other technical solutions, 1n some embodiments of the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry, the
method comprises establishing the cost function, where the

cost function 1s:

N ( THES fimated T bl‘ﬂ' tal )2
: _ E chli) - PRy
mind = Tbmm{.‘f ?
— ch(i)
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selecting the minimum value of the cost function and an
estimated soil moisture value corresponding to the minimum
value of the cost function from comparison between pre-
dicted and actual observed brightness temperatures at the
collaborative channels; and taking the estimated soil mois-
ture value as the retrieval results of soil moisture value. The
technical solution provides a preferred expression of the cost
function, which 1s convenient for comparing the difference
between the predicted brightness temperature of each col-
laborative channel and the actual brightness temperature,
and 1s convenient for further determining the soil moisture
value.

The present invention also provides a device for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry base on the same
inventive concept as the method for soi1l moisture retrieval
using multi-channel collaboration algorithm and passive
microwave radiometry, the device including;:

a Processor;

a memory, which stores executable instructions;

wherein, the processor 1s configured to execute the
executable instruction for performing the method for soil
moisture retrieval using multi-channel collaboration algo-
rithm and passive microwave radiometry. This techmnical
solution 1s based on the same nventive concept as the
method for soil moisture retrieval using multi-channel col-
laboration algorithm and passive microwave radiometry.
Please refer to the description in the method section. The
device of the technical solution 1s not limited to PC, termi-
nal, or server.

The present invention will be described in further detail
with reference to two specific embodiments.

1. Retrieval results of the soil moisture and vegetation
optical depth using the multi-channel collaborative algo-
rithm based on the H polarization observation data of 40 to
65 degrees are shown 1 FIG. 3. The unbiased root-mean-
square error (UubRMSE) with the actual measured value
reaches 0.03 cm’/cm’. It can be seen that the retrieved
vegetation optical depth has a good correlation with the
actually measured vegetation moisture content, and there 1s
no obvious correlation between the retrieved soil moisture
and the vegetation optical depth. It shows that influences
from the two are separated excellently, which 1s different
from the unreasonable phenomenon of strong correlation
between the two 1n the prior retrieval algorithm results.

2. Retrieval results of the soil moisture and vegetation
optical depth using the multi-channel collaborative algo-
rithm based on the H polanization observation data at
L-/C-/X bands are shown i FIG. 4. The unbiased root-
mean-square error (UbRMSE) with the actually measured
value reaches 0.036 cm”/cm’.

The number of devices and the treatment scale given
herein are to simplify the description of the present inven-
tion. The application, modification and change of the
method and device for soil moisture retrieval using multi-
channel collaboration algorithm and passive microwave
radiometry are apparent to those skilled 1n the field.
Although embodiments of the present invention have been
disclosed as above, they are not limited to the applications
listed 1 the specification and embodiments. They can be
applied to all kinds of fields suitable for the present inven-
tion. Additional modifications can be easily implemented for
those who are familiar with the field. Therefore, the present
invention 1s not limited to specific details and the drawings
shown and described herein without departing from the
general concepts defined in the claims and the equivalents
thereof.
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What 1s claimed 1s:
1. A method for soil moisture retrieval using multi-

channel collaboration algorithm and passive microwave
radiometry, being characterized in that, the method com-
prises the following steps:
establishing a mathematical relationship formula between
brightness temperatures at any two channels according
to a microwave radiative transfer equation;
collecting an actual brightness temperature of a core
channel and an actual brightness temperature of col-
laborative channels;
selecting parameters to be retrieved, wherein the param-
cters comprises at least a soi1l moisture value;
giving a series of estimated values of parameters to be
retrieved, calculating a series of predicted brightness
temperatures ol the collaborative channels according to
the actual brightness temperature of the core channel,
the microwave radiative transier equation and the
mathematical relationship formula, comparing the pre-
dicted brightness temperatures of the collaborative
channels with the actual brightness temperature, and
determining the soil moisture value among the series of
estimated values of parameters to be retrieved accord-
ing to a comparison result;
or giving initial values of parameters to be retrieved,
performing 1terative calculation to obtain a series of
predicted brightness temperatures of the collaborative
channels according to the actual brightness temperature
of the core channel, the microwave radiative transfer
equation and the mathematical relationship formula,
comparing the predicted brightness temperatures of the
collaborative channels with the actual brightness tem-
perature, and determining the soil moisture value
according to the comparison result;
the microwave radiative transier equation 1s represented
by a two-component model under the zero-order
approximation;
the mathematical relationship formula 1s written as:

{ {

Ei—h(z)
S, = —

€chil)

Vrh 2
v = k@)

i
ch(l)

wherein, Tb_, """ and Tb _,,,"*** are brightness tem-

peratures at any two channels, €_,.,,” and e_,,, are
microwave emissivity of the rough soil surface at the
any two channels, and V_,,,"and V_,,," are vegetation
emissions at the any two channels, and V_,,,” and
V) are vegetation emission term of the any two
channels.

2. The method for soil moisture retrieval using multi-
channel collaboration algorithm and passive microwave
radiometry according to claim 1, being characterized 1n that,
at least one of frequency, incidence angle or polarization 1s
different between the any two channels of the core channel
and the collaborative channels.

3. The method for soil moisture retrieval using multi-
channel collaboration algorithm and passive microwave
radiometry according to claim 1, being characterized 1n that,
according to estimated values of one or more parameters to
be retrieved, the actual brightness temperature of the core
channel, and the microwave radiative transier equation,
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estimated values of other one or more parameters to be
retrieved are calculated; the value of the parameters to be
retrieved of the collaborative channels 1s determined accord-
ing to a relationship between parameters to be retrieved at
any two channels; and the predicted brightness temperatures
ol the collaborative channels are calculated according to the
value of parameter to be retrieved of the collaborative
channels and the mathematical relationship formula.

4. The method for soil moisture retrieval using multi-
channel collaboration algorithm and passive microwave
radiometry according to claim 3, being characterized 1n that,
the number of channels comprised 1n the core channel and
the collaborative channels 1s not less than the number of the
parameters to be retrieved.

5. The method for soil moisture retrieval using multi-
channel collaboration algorithm and passive microwave
radiometry according to claim 3, being characterized 1n that,
the parameter to be retrieved further comprises vegetation
optical depth; and

a relationship between vegetation optical depths at any

two channels 1s:

o)

Tech(2)

wherein , T, 1)0 and T,:h(g)ﬂ are vegetation optical depths
at frequency t, and frequency 1,, respectively, and x 1s

a parameter depending on a vegetation type.
6. The method for soil moisture retrieval using multi-
channel collaboration algorithm and passive microwave
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radiometry according to claim 1, being characterized in that,
the predicted brightness temperatures of the collaborative
channels and the actual brightness temperature are compared
by establishing a cost function.

7. The method for soil moisture retrieval using multi-
channel collaboration algorithm and passive microwave
radiometry according to claim 6, being characterized 1n that,
the method comprises establishing the cost function,
wherein the cost function 1s:

N .
d total 2
. E (szfz?ﬁmg _ Tbc:h( i ))
mind = Tbmrq{ ;
= chi(i)

selecting the minimum value of the cost function and an
estimated soi1l moisture value corresponding to the
minimum value of the cost function; and

taking the estimated soil moisture value as the retrieval
results of soil moisture value.

8. A retrieval device for soil moisture using passive

microwave multichannel collaboration, comprising:

a Processor;

a memory, which stores an executable instruction;

wherein, the processor 1s configured to execute the
executable instruction for performing the method for
so1l moisture retrieval using multi-channel collabora-
tion algorithm and passive microwave radiometry
according to claim 1.
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